ABSTRACT Sydnone is one of the mesoionic heterocyclic aromatic compounds and is represented by the resonance hybrid of different polarized ionic structures. We have newly synthesized 3-propyl-4-propylsydnone (PPSD) and investigated its physical, chemical, and electrochemical properties. The electron-pair donability for PPSD was higher than that for propylene carbonate (PC), but the electron-pair acceptability for PPSD was lower. The addition of PPSD to an ethylene carbonate (EC)-diethyl carbonate (DEC) equimolar binary mixture at the molar ratio of 1:1:0.05 was effective for an increase in cycling efficiency of a lithium anode.
Introduction
Sydnone is one of the mesoionic heterocyclic aromatic compounds. 13 The mesoionic compounds are dipolar five-or sixmembered heterocyclic compounds in which both the negative and the positive charges are delocalized. The mesoionic compounds cannot be represented satisfactorily by any one mesomeric structure, but can be represented by the resonance hybrid of different polarized ionic structures.
Sydnones substituted with a alkyl group at the 3-position such as 3-methylsydnone (MSD) and 3-ethylsydnone (ESD) are highly polar compounds. 49 They show large electric dipole moments and high relative permittivities (¾ r ) as compared to cyclic carbonates: ¾ r = 102.3 at 25°C for ESD 7 and ¾ r = 64.92 at 25°C for propylene carbonate (PC). 10 Accordingly, the alkylsydnones are soluble in most organic solvents. It is well-known that the blending of highly polar and low-viscosity solvents results in the synergistic effect on the ionic conductivity: The ionic conductivity of the resulting electrolytic solution can be higher than that in either one-component solvent system. The maximal conductivities of 1 mol dm ¹3 LiPF 6 solutions in MSD-dimethyl carbonate (DMC) and MSD-diglyme binary mixtures are observed at the molar ratios of 3:7 and 2:8, respectively. 9 Very little is known about the physical, chemical, and electrochemical properties of Sydnones substituted with two alkyl group at the 3-and 4-positions except for our studies.
1113
In the present paper, we report the physical, chemical, and electrochemical properties of 3-propyl-4-propylsydnone (PPSD), which we have newly synthesized. We used 3-propylsydnone (PSD), 3-propyl-4-methylsydnone (PMSD), 3-propyl-4-ethylsydnone (PESD), and PPSD to investigate the effect of the alkyl substituent at the 4-position of the sydnone ring on the relative permittivity, the viscosity, and the donor and acceptor numbers. Furthermore, this paper describes the effect of the addition of PPSD to ethylene carbonate (EC)-diethyl carbonate (DEC) equimolar binary mixtures on cycling efficiency of a lithium anode.
The structure of 3-propyl-4-alkylsydnone (R = H, CH 3 , C 2 H 5 , or C 3 H 7 )
2. Experimental
Materials
We have newly synthesized PPSD from ethyl 2-bromopentanoate (ethyl 2-bromovalerate) and propylamine in the same manner as the production of PESD. 11 The distilled PPSD was dehydrated by purified molecular sieves (4A) before use. EC, PC, DEC, and LiPF 6 were used as received (Kishida Chemical Co., Ltd., LBG grade for EC, PC, and DEC; and Stella Chemifa Corp. for LiPF 6 ).
Apparatus and measurements
Donor and acceptor numbers (DN and AN, respectively) are measured by 29 Si and 13 C NMR spectroscopy (JEOL, JNM-LA500). The method for measuring DN and AN is described elsewhere.
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The apparatus and techniques for measurements of relative permittivity and viscosity are described elsewhere.
14 The electrochemical methods are essentially the same as those previously reported. 15 Linear potential sweep voltammetry was conducted with a Pt electrode, 1.6 mm in diameter, by using a computer-controlled electrochemical system (Solartron, SI1287) at a scan rate of 5 mV s
¹1
. Two lithium wires were employed as the auxiliary and the reference electrodes. Coulometric efficiency achieved with the repetitiveness of the deposition and dissolution of lithium on a nickel electrode (cycling efficiency of a lithium anode) was measured with a 6-channel charge/discharge unit (Hokuto Denko Corp., Model HJ-101SM6). A three-electrode cell was used for the measurement of the cycling efficiency. Lithium foil was employed as the auxiliary and the reference electrode. The cycling efficiency was estimated by a galvanostatic plating/stripping method reported by Koch and Brummer. 16 The plating and the stripping current densities were «1 mA cm ¹2 . The plated charge density was ¹300 mC cm
¹2
, and the cut-off voltage was set at +1.0 V vs. Li « Li + during the anodic stripping process. Figure 1 shows the temperature (ª or T) dependence of (a) relative permittivity (¾ r ) and (b) viscosity (©) of PPSD. Included in this figure for comparison are data for PSD, PMSD, PESD, and PC. We have investigated the effect of the alkyl substituent at the 4-position of the sydnone ring. The relative permittivity reflects the ease of dielectric polarization. The relative permittivity has a very significant effect on the strength of the interactions between ions in electrolytic solutions. The relative permittivities of alkylsydnones and PC decreased linearly with an increase in temperature and decreased in the following order: PSD > PMSD > PC > PESD > PPSD. The viscosity is regarded as internal friction based on intermolecular forces and affects the ionic conductivity. The viscosities of alkylsydnones and PC decreased in the reverse order of the relative permittivity except for PC and PMSD or PESD: PPSD > PMSD > PESD > PSD > PC. Molecular mass is a dominant factor governing the viscosities of alkylsydnones.
Results and Discussion

Physical properties
The viscosities decreased exponentially with an increase in temperature, and plots of log 10 (©/mPa s) vs. T ¹1 gave straight lines. The high translational kinetic energy allows intermolecular attractions to be overcome more easily. The internal friction is reduced at high temperatures. The viscosity of a solvent may be written as
where the quantity E a,© is the apparent activation energy for viscosity. 17 This energy barrier must be overcome before the selfdiffusive flow process in the solvent can occur. The E a,© is determined to be 33.98, 29.87, 29.70, 26.21, and 17.02 kJ mol ¹1 for PPSD, PMSD, PESD, PSD, and PC, respectively. The correlation coefficients obtained for the regression equation were more than 0.997, and log 10 (©/mPa s) and T ¹1 were strongly correlated. This correlation suggests that the E a,© and the selfdiffusive flow process are closely linked. The order of E a,© was in accord with those of viscosity and relative molecular mass . PPSD may more strongly associate to form molecular aggregates, which result in partial nullification of the electric dipole moments. Such aggregation of PPSD molecules would account for the small amount of orientation polarization (low relative permittivity) and the low mobility (high viscosity).
Donor and acceptor properties
The electron-pair donability and electron-pair acceptability of a solvent are a measure of the strength of the solvation of cations and anions, respectively. Table 1 summarized the donor and acceptor numbers (DN and AN, respectively) of sydnones substituted with a propyl group at the 3-position. Included in Table 1 for comparison are data for propylene carbonate (PC). The donor and acceptor numbers of PC are 15.1 and 18.3, respectively. 18, 19 The electron-pair donability for the alkylsydnones decreased in the following order: PMSD > PESD > PPSD > PSD (> PC). The electron-pair donability for sydnones substituted with two alkyl groups at the 3-and 4-positions was higher than that for PSD because of the electronreleasing inductive effect of an alkyl group at the 4-position. The increase in the electron-pair donability results in strong solvation of lithium ions. On the other hand, the electron-pair acceptability for the alkylsydnones decreased in the order of PSD (> PC) > PMSD > PESD > PPSD. The electron-pair donability and electronpair acceptability of the alkylsydnones are set by the balance between the electronic and the steric effects.
Taft's steric substituent constants (E S ) are a measure of steric effects of aliphatic substituents. 20 A large negative value of E S means a bigger steric effect. The values of E S of n-propyl, ethyl, and methyl groups are ¹0.36, ¹0.07, and 0.00, respectively. An oxygen atom of a carbonyl group may be sterically hindered by a long chain of the alkyl substituent at the 4-position of the sydnone ring. Chain elongation at the 4-position may also decrease the electron-pair acceptability or hydrogen bonding ability of the sydnone ring because of the steric hindrance. The former and the latter effects result in small DN and small AN, respectively. The large molecular size of PPSD is reflected in the finding that the molar concentration of PPSD was lowest at 25°C: PC (11.75 mol dm ¹3 ) > PSD (9.07 mol dm Electrochemistry, 80(10), 780782 (2012) and to reduce at about 1.5 V vs. Li « Li + . The anodic and cathodic stabilities of PPSD were lower than that of PC. Accordingly, we have used PPSD as an additive for base electrolytic solutions.
Cycling efficiency of a lithium anode indicates coulometric efficiency achieved with the repetitiveness of the deposition and dissolution of lithium on a nickel electrode. Figure 3 as the electrolyte salts. The cycling efficiency for a blank solution of LiPF 6 (x = 0) was less than 10% after the 10th cycle. As the cycle number increased, the cycling efficiency gradually decreased in a blank system of LiClO 4 . The addition of PPSD suppressed the cycling efficiency fading at high cycle numbers. In particular, the cycling efficiency was highest at the molar ratio of 1:1:0.05. The cycling efficiency was higher in the systems of LiClO 4 as a whole. The cathodic decomposition of PPSD can form passive films containing adequate amounts of nitrogen compounds on lithium anodes. Although the nitrogen compounds have not been identified, the large amounts of lithium ions may be incorporated into the surface film. It is known that lithium nitride (LiN 3 ) is formed on electrode surfaces at low electrode potentials by cathodic decomposition of lithium bis(trifluoromethanesulfonyl)amide (LiTFSA). 21 Lithium ion is a Lewis acid. Such a metal ion affects the reduction of organic compounds in aprotic solvents. 22 Metal ions form ion-pairs with reduced organic compounds. The formation of ion-pairs shifts peaks to positive potentials to some extent, and the shift of the potential depends on the interactions. The electron-pair donability is high for sydnones substituted with a propyl group at the 3-position, as described in the previous section. Accordingly, lithium ions are strongly solvated by sydnone molecules. The reduction of PPSD at about 1.5 V vs. Li « Li + in Fig. 2 can also involve the formation of the ion-pairs, which may decompose on electrode surfaces.
Conclusion
We have investigated the effect of the alkyl substituent at the 4-position of the sydnone ring on the physical and the chemical properties. Sydnones with long chains tended to show low relative permittivities, low concentrations, high viscosities, small DN, and small AN. PPSD may strongly associate to form molecular aggregates. The addition of PPSD to an EC-DEC equimolar binary mixture at the molar ratio of 1:1:0.05 was effective for an increase in cycling efficiency of a lithium anode. . The plated charge density was ¹300 mC cm
¹2
, and the cut-off voltage was set at +1.0 V vs. Li « Li + during the anodic stripping process.
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